Orientation evolution of thin disk particles, such as talc and mica, in a Newtonian flow through a L-shape channel was numerically simulated by decoupling flow kinematics with particle orientation using the Jeffery equation to obtain the knowledge of the processing of thin micro-particle reinforced composites: (1) periodic flip-over of a thin disk particle moving near the channel wall can be clearly observed for large initial azimuthal angle: (2) when a thin disk particle rounds the corner of a L-shape channel, a disk particle tends to align in the direction perpendicular to the flow plane as it approaches alignment along the streamline.
Introduction
Thin micro-particle suspension, such as talc and mica suspensions, can often exhibit anisotropy due to flowinduced particle alignment. The addition of particles to a Newtonian liquid can, therefore, drastically changes the flow kinematics even at very low concentrations, and the importance of the coupling between flow kinematics and particle orientation has been recognized during the last two decades [1−9] . Thus an orientation evolution model and a rheological constitutive equation for particle suspensions are required and should be solved simultaneously to describe the flow kinematics of particle suspension.
Furthermore, the characterization of the orientation distribution of thin particles strongly affects the physical properties of thin micro-particle composites and becomes much more important in current processing of high quality composite materials: e.g., a sheet of micro-particle reinforced composite, in which thin micro-particles migrate to the central plane in the thickness direction and align parallel to the surface, performs a flexible property as well as high quality of thermal [2, 6, 7] and electrical shielding [8] .
The objective of this paper is to well understand the mechanism of thin particle orientation in various flows involving the processing of composite materials. Thus the evolution of the orientation of thin disk-like particles in a Newtonian flow through a L-shape channel was numerically simulated by decoupling flow kinematics with particle orientation using the Jeffery equation [10] (the coupling between flow kinematics and thin particle orientation will be addressed in a near future work). In spite of the significant impact of particle-particle and particle-wall interactions on the suspension behavior, these interactions were not taken into account in the present simulations for dilute particle suspension.
In this framework, the evolution of the orientation of thin disk-like particles in both a planar extensional flow and a simple shear flow of Newtonian fluids through a large reservoir to a slit channel was analyzed by numerical calculation of the Jeffery equation, then the numerically simulated results were compared with the orientation observations in a talc suspension flow [11] . Furthermore, in the previous flow visualzation [11] we observed a strand pattern in a talc suspension flow through a slit channel. It was confirmed from numerical simulations that the transparent/translucent strand pattern was ascribed to the flow-induced shade region produced by thin disk-like particles [12] .
Numerical solution for orientation of thin disk particle in a L-shape channel flow
We numerically simulated the evolution of the 3-D orientation of disk particle in a Newtonian flow through a L-* Corresponding author: E-mail: kchiba@sue.shiga-u.ac.jp, Tel: +81-77-537-7800, Fax: +81-77-537-7840 NOTE shape channel as is shown in Fig. 1 , by decoupling flow kinematics with particle orientation. The flow pattern becomes almost symmetry to the corner of the channel at low Reynolds number (Re = 2), while a large recirculating flow is generated near the reentrant corner in the downstream region at high Reynolds number (Re=50). The Reynolds number is defined by Re = ρ UH/η , where U denotes the mean velocity, H the channel width, ρ the fluid density and η the fluid viscosity. In this paper the predicted particle orientation in a flow at low Reynolds number will be presented.
1 Governing equations
The evolution equation of the unit normal p _ , the orientation vector (see Fig. 2 ), defining the orientation of a disk particle immersed in a Newtonian homogeneous flow can be described by the following Jeffery equation [10] similarly to the equation for a slender particle such as a fiber, dp
dt where t is the time, Ω = is the vorticity tensor and D = is the strain-rate tensor. The parameter k is given by k = (ra 2 − 1)/ (ra 2 + 1), where ra is the particle aspect-ratio (thickness/diameter), and −1<k<0 for a disk particle. For the 3-D orientation of a disk particle in a 2-D flow parallel to the xy-plane as is shown in Fig. 2 , the Jeffery equation reduces to Eq. (2) using the angles φ and θ,
where Dxx, Dxy are the xx and xy components of the strainrate tensor, respectively, and φ • and θ • denote the angular velocity. In the simulations Eq. (2) was solved using a 4th-order Runge-Kutta method with dimensionless time step Δt = 0.01, here time t − was normalized by t = t − /(H/U). Figure 3 shows the orientation evolution of a disk particle with ra = 0.1 starting from the initial positions of x 0 /H = 0.1, 0.3, 0.5, 0.7, 0.9 and y 0 /H = 5.0, which is observed from the z-direction. The initial orientations were chosen as φ 0 =60å nd θ 0 =10˚, 80˚. A short line expresses the orientation vector. We can easily find periodic flip-over of a thin disk particle 32 CHIBA Kunji, KOMATSU Takayuki for large θ 0 moving near the channel wall (x0/H = 0.1, 0.9) because of high velocity gradient, furthermore, disk particle can be observed as a circle from the x -direction in the upstream region and y -direction in the downstream region near the channel wall except the occurrence of flip-over (see Fig. 3(b) ). On the other hand, the change in particle orientation becomes so slow in the middle region of the channel because of low velocity gradient. Figure 4 shows the variation of the orientation angles φ and θ of ra = 0.1 disk particle. We will explain the variation of φ and θ for x0/H = 0.1 in detail as an example. In the upstream region the angular velocity φ
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3 Variation of orientation angles in a L-shape channel flow
• is nearly equal to zero at φ ≈ 0 then φ • rapidly increases as φ approaches −90å
nd flip-over occurrs (t =6.4). After rounding the corner, in the downstream region a disk particle keeps φ ≈ −90˚ for a 33 while (t≈11 to 14), then it flips over at φ = −180˚ and keeps φ ≈ −270˚; φ
• becomes very small when a disk face aligns to the streamline, while a disk particle flips over for orthogonal alignment to the streamline. On the othedr hand, θ simply increases and decreases, and a disk particle flips over at the local minimum values of θ. It can be found from comparing Fig. 4(a) with Fig. 4 (b) that the variation of φ is independent of θ 0 . This result can be also confirmed from Eq.(2) that the angular velocity θ • depends on both φ and θ, while φ
• is a function of only φ.
Furthermore, the amplitude of the variation of θ becomes larger for smaller θ0.
We can also see anomalous rapid up-and-down variation of θ for x 0 /H = 0.3, 0.7, 0.9 in Figs. 4 (a) and (b), which are indicated by vertical arrows. This anomalous phenomenon occurrs when a disk particle rounds the channel corner as is shown by gray-filled ellipses in Fig. 6 . The detailed predictions are illustrated in Fig. 5 to fully examine the anomalous phenomenon. α denotes the angle measured counterclockwise from the direction of the streamline to the orientation vector, thus α=90˚, or 270˚expresses that a disk particle aligns to the streamline. We call this phenomenon colinear alignment and the colinear alignment of disk particle means that the tangent to the streamline passing through the disk center locates on the disk face. β donotes the direction of the streamline measured clockwise from the x-axis, and it smoothly varies from 90˚in the upstream region to zero in the downstream region as is shown in Fig. 5(b) . The value of φ plotted in Fig. 5 is recalculated by φ = φ − −360˚, where φ − is the value of φ in Fig. 4 . α has the local maximum at t≈3.2 for x 0 /H = 0.7 and t ≈7.4 for x 0 /H = 0.9, i.e., orientation of a disk particle approaches the colinear alignment then separates, and θ increases and decreases according to the α variation. We can notice that a disk particle tends to align in the direction perpendicular to the flow plane (xy-plane in the present case) as a disk approaches the colinear alignment.
Concluding remarks
Orientation evolution of thin disk particles in a Newtonian flow through a L-shape channel was simulated by decoupling flow kinematics with particle orientation using the Jeffery equation to obtain the knowledge of the 34 CHIBA Kunji, KOMATSU Takayuki processing of thin micro-particle reinforced composites: (1) periodic flip-over of a thin disk particle moving near the channel wall can be clearly observed for large θ 0 : (2) when a thin disk particle rounds the channel corner, a disk particle tends to align in the direction perpendicular to the flow plane as a disk particle approaches the colinear alignment. In the present work decoupling simulations between flow kinematics and particle orientation were carried out, however flow-induced orientation of disk particles occurs in a complex flow, thus we have to numerically analyze the orientation phenomenon by means of coupling flow kinematics in a near future work.
